Sesame breeding and germplasm collection in Korea
Sesame is one of the most important cash crops in the Republic of Korea as well as in Asia (Arora and Riley 1994) . Because sesame supplies the good quality vegetable oil, it increases the farmers' income and their socio-economic status. Sesame has been cultivated and favored by residents of the Korean peninsula since 1000 B.C. It has been used for many kinds of foods, the use for vegetable oils and a favorite seasoning for steamed rice and rice cakes is very important. In addition, the sesame pastes have been used in cookies and other foods as well as in medicine.
In Korea, the sesame breeding based on the pure-line selection was started in 1955 using materials from indigenous landraces as well as exotic sources. A decade later, a sesame research team launched the cross-breeding. Then, the mutation breeding was initiated in 1978. Since that time, the three different breeding methods have been integrated into the breeding program, which in turn successfully developed more than 30 recommended cultivars. These recommended varieties provide at least 80% of Korea's sesame production. In addition, during this period, the sesame acreage in Korea increased nine-fold from 5,000 to 45,000 ha, while the yield level was augmented 2.5-fold from 300 kg/ha in the 1970s to 750 kg/ha in 2001 (Kim et al. 2002) . To broaden the genetic bases in breeding, extensive germplasm collections have been carried out in the Republic of Korea. Consequently, 7,698 accessions have been collected to date and are being preserved at the Gene Bank of Rural Development Administration (RDA) located in Suwon, Korea. These accessions are composed of 3,538 exotic collections (including 1,961 accessions from the sesame world collection), 2,660 indigenous collections, 1,072 improved genetic stocks and 428 others. The Korean landraces of sesame has a unique habit of early maturity, i.e., earlier ending of flower formation on the tip of branches. Many of them are highbranching and one capsule type with very early start of opening at forerunner capsules. In contrast, the exotics are keeping on flowering on their tip of branches even until the start of capsule opening. Caused by the earliness, Korean landraces has clear pure white (or black) seedcoat color and excellent seed quality which are welcomed in the local markets and selling in good price. Frankel (1984) proposed the concept of core collection and described it as a collection that contains the maximum possible genetic diversity of a crop species and its wild relatives with minimum redundancy.
Strategy of developing Korean sesame core collection
Several national and international research groups have developed, or are currently developing, core collections of various crops including soybean (Glycine max L.; Brown et al. 1987) , Okra (Hibiscus esculentus L.; Hamon and van Sloten 1989) , winter wheat (Triticum aestivum L. ; Mackay 1990) , barley (Hordeum vulgaris L.; van Bothmer et al. 1990) , common bean (Phaseolus vulgaris L.; Tohme et al. 1995) , coffee (Coffea spp.; Hamon et al. 1995) , tulip (Tulipa spp.; Loss and van Duin 1989) , peanut (Arachis hypogaea L.; Upadhyaya et al. 2002) , and sesame (Bisht et al. 1998; Zhang et al. 2000) . However, there have been no reports on the development of a core collection of Korean sesame.
In spite of its relatively small land area, Korea has a very diverse climate depending on the geographical location. For example, Cheju Province, located on the south end island, belongs to the warm sub-tropical zone, while the north eastern end of Kangwon Province belongs to the cold alpine temperate zone. In addition, there is a Taeback alpine area spreading longitudinally along the east coast, dividing Korean peninsula into the typical eastern and western climate. Considering the climatic and geographic diversity, Korea has been divided into 10 agro-climate zones (Fig. 1 , Lee et al. 2000) . It is commonly accepted that the landraces adapted to each agro-climate zone have their unique genetic structures. Therefore, the authors decided to use the strategy to make a core collection for each of the ten agro-climate zones first, and thereafter, combine them to establish a core collection of the Korean sesame landraces, in other words a Korean representative set of landrace collection covering all the agro-climate zones. By adopting this strategy, our collections represent not only the genetic diversity but also the geographical distribution, and therefore can be used for the study of genetic diversity among Korean sesame landraces in relation to their geographical distribution.
The important issue in the selection of a core collection is how to reduce its size without losing genetic diversity. In the most of recent researches (Zhang et al. 2000 , Upadhyaya et al. 2002 , the cluster algorithm of Ward (1963) has been used to sample the core members from the whole collection. A least one accession is to be selected randomly in each cluster group based on a dendrogram with proper threshold values. Ascertaining the threshold values is often affected by subjective factors. Also, even though the number of clusters is determined, there is no reasonable norm of deciding the number of accessions selected from each cluster. The issue of how to theoretically ascertain threshold values of genetic distance for classification criteria after cluster analysis has not been fully resolved yet (Hu et al. 2000) .
As an alternative method, Hu et al. (2000) suggested the stepwise clustering method, which does not require determination of the threshold value and cluster size. They also presented a strategy for sampling the whole collection to develop a core collection that contains about 20-30% of members from the whole collection. In the present study, the authors have decided to use the stepwise clustering method based on agronomic traits to select a core collection of the Korean sesame that contains approximately 20% of accessions from the whole collection, the percentage suggested from the previous studies (Hu et al. 2000 , Crossa et al. 1995 , Yonezawa et al. 1995 .
Field experiment for agronomic traits characterization
A total of 2,246 sesame accessions collected cooperatively by the extension offices and the National Crop Experiment Station (NCES) during 1970s and stored in the RDA Gene Bank of Korea were evaluated in the experimental field of the NCES in 1999 and 2000 (the field experiment started on June 3 1999 and continued up to 2000). The soil type of the experimental field was the Deogpyeong series, which is a member of the fine, mixed mesic family of the Typic Epiaqualfs (Red-Yellow soils intergraded to Low Humic-Gley soils). All accessions were planted on June 3 1999, and 15 plants per accession with no replications were grown in each row of a 0.5 m 2 plot. In each accession, the following traits were observed; the capsule length (cm), capsule width (cm), maturity (days), weight of 100 seeds (g), seedcoat color, plant height (cm), capsule beard stem height (cm), number of branches per plant, number of capsules per plant, yield per plant (g), number of days from seeding to flowering and plant type. Ten plants each of the plot were investigated with the above growth characteristics and whole plants of the plot of 0.5 m 2 were measured for the yield per plant. Ten commercial cultivars ('Yangbaeck', 'Sodun', 'Suwon', 'Chinbaeck', 'Hansum', 'Pungsan', 'Ahnsan', 'Yangheuck', 'Gunheuck' and 'Yousung') were used as check cultivars for the comparison with the landraces.
Statistical method of stepwise clustering and evaluation of the core collection
Hierarchical agglomerative methods were used to classify the data. The various hierarchical methods differ in the decision rules used to merge two clusters. As the distance measures, the Euclidean distance matrix was created by calculating distances between each pair of accessions accounting the differences for each of the 12 traits. The distance matrix was subjected to the hierarchical cluster algorithm of Ward by using the SAS program (1989). Accessions were divided into hierarchical groups as follows: each of the subgroups at the lowest level of sorting based on the dendrogram could have only one accession, or two accessions with the highest genetic similarity. Based on the dendrogram of clusters, a random sampling strategy was used to choose the representative member of the cluster for the next cycle of stepwise clustering (Hu et al. 2000) . The genetic distance among all accessions selected on the basis of dendrograms from the first cluster analysis are calculated, after which the second cycle cluster analysis of the accessions is performed, where accessions are selected based on a new dendrogram of clusters by a random sampling strategy. In the same way, the stepwise clustering is conducted until selected accessions are reduced to approximately 20% of the whole collection (Crossa et al. 1995 , Yonezawa et al. 1995 . In this study, the core collection was mainly selected at the third step in each agro-climate zone.
The means of the core and whole collections were compared by the t-test. The homogeneity of variances between the core and whole collection was tested by the Levene's test. Next, the percentage of significant differences between the core and whole collections was calculated for the mean difference percentage (MD%) or the variance difference percentage (VD%) (Hu et al. 2000) . The coincidence rate (CR% = × 100) and the variability rate (VR% = × 100) were calculated to evaluate properties of the core collection, where R C and R W represent the range of the core collection and the whole collection respectively; CV C and CV W represent the coefficient of variation of the core collection and the whole collection, respectively; and m indicates the number of used traits (Hu et al. 2000) . The homogeneity of distribution for each of plant type and seedcoat color between the core and whole collections was analyzed using the χ 2 test. To investigate whether the genetic diversity of the selected core accessions is shared by the check cultivars, the principal component analysis were performed. This analysis was primarily used to explain the variance-covariance structure of variable sets through a few linear combinations of those variables.
Procedures for selecting core accessions by stepwise clustering method Data of 12 agronomic traits in 2,246 accessions were subjected to stepwise clustering using Ward's method. Approximately 21% of the total accessions were randomly selected in each of ten agro-climate zones. At least one accession was randomly selected from each zone from the lowest level of sorting based on the dendrogram (Fig. 2) . However, the core accessions of agro-climate zones 1 and 10 were established from the first and the second steps, respectively, because of the limited number of accessions. A total of 1,175 accessions were selected in the first step. Next, 758 accessions were selected in the second step from these 1,175 accessions. Finally, 475 accessions were selected in the third step from the 758 second-step accessions. For example, the selection steps in agro-climate zone 9 were as follows:
Step 1. In agro-climate zone 9, 37 accessions were initially selected from a total 74 accessions. At least one accession was randomly selected from the lowest level of sorting of the dendrogram. As shown in the dendrogram of Fig. 2 , an asterisk indicates an accession carried over to the next step.
Step 2. As in the first step, 23 accessions were selected from 37 accessions.
Step 3. In this step, 16 accessions were selected from the 23 accessions appointed in Step 2. This selection procedure resulted in 21.6% of the original collection size. These 16 accessions were finally selected as the core collection from the total 74 accessions in agro-climate zone 9.
Statistical comparison between core and whole collection
In a similar way, 475 accessions that comprised 21% of the 2,246 total accessions were selected ( Table 1 ). As shown in Table 2 , the maximum (max), minimum (min), mean and Fig. 2 . Dendrogram for the 74 sesame accessions from agro-climate zone 9, based on the clustering method of Ward using agronomic traits. Asterisks ( ) indicate the 37 accessions selected in the first-step clustering.
standard deviation (SD) of the core collections were very close to those of the whole collection. In Table 2 , the differences in the means of most growth traits between the core and whole collections were not statistically significant. The 10% value for the MD% indicated that the core collection effectively represented the whole collection (Hu et al. 2000) . The 20% value for the VD% measured in the core collection suggested the adequate representation of the core collection. As shown in Table 2 , the coefficients of variation (SD/mean) for most traits were higher in the core collection than those of the whole collection, resulting in a higher VR% (104.1%), which indicates that the value of the core collection was adequate. The high (81.9%) value of CR% retained in the core collection suggests that it could be adopted as a representative of the whole collection. The frequency of four plant types and five seedcoat colors between the whole and core collections were similar (Table 3) . The χ 2 test indicated that the core collection represented the distribution of plant type and seedcoat color in the whole collection, respectively, at a 5% significance level (plant type, χ 2 = 1.190, p = 0.755; seedcoat color, χ 2 = 3.474, p = 0.482).
Next, the genetic diversity of the core collections was analysed with check cultivars by performing the principal component analysis (Fig. 3) . The figures show the scatter diagram of the whole collection and selected core collection with check cultivars based on the principal component analysis using 10 quantitative agronomic traits. The scatter diagram of the first (Prin1) and the second (Prin2) principal components indicates that the selected core accessions effectively reflected the variation in the whole collection because the core accessions were selected universally from the range of the whole accessions. The check cultivars are plotted in the boundary of the data set and were well separated from the core collections.
By the two principle components, Prin1 and Prin2, 65% of the total variation was explained. The Prin1 is most closely related to agronomic characters such as the plant height, number of capsule per plant, and date of flowering, on the other hand, the Prin2 has strong relation with the Total % 3) 10 20 81.9 104.1 1) Significance of the trait differences between means of core and whole collections were determined by a t-test. 2) Significance of variance homogeneity was determined by Levene's test. NS and ** indicate a lack of a significant difference and a significant difference at a 5% level, respectively. 3) MD% and VD%, the percentage of significant difference at a 5% level between the core collection and the whole collection for means and variances of quantitative traits, respectively; CR%, coincidence rate; VR%, variability rate.
following characters, i.e., length of capsule, width of capsule, height of capsule beard stem, number of branches per plant, and yield per plant. Consequently, 10 check cultivars which are characterized by low plant height, less number of large capsule, early flowering, late maturity and high yielding were plotted in the lower right side of the plot area (Fig. 3a) .
To determine whether or not the diversity in each agroclimatic zone overlaps, the differences of means among the 10 agro-climatic zones for the selected core collection were compared. The results are summarized in Table 4 . Among the 10 quantitative traits, the capsule beard stem height, number of branches/plant, yield/plant, and number of days to flowering showed significant mean differences (p < 0.05).
Other traits also showed some differences of means among the 10 agro-climatic zones, although they were not statistically significant. From these results, it is clear that the selected core collections retain the influence of the different agro-climate zones found in the whole collections.
Characteristics of the developed Korean sesame core collection The present core set reduces the number of entries from 2,246 to 475, therefore, provides a working collection of sesame germplasm that can be extensively examined for economically important traits. The multi-locational evaluation of the present core set will help identify the appropriate traits for improvement programs, and this will result in the enhanced use of genetic resources.
Since our core collection is primarily based on the 10 agro-climate zones and represent their geographical distribution, information regarding to the geographical pattern of some specific genetic traits can be obtained. For example, the geographical pattern of potentially useful traits, for instance, early maturity, was noticed in the course of core NMB, nonbranch monocapsule bicarpels quadriloculi; BMB, branch monocapsule bicarpels quadriloculi; NMQ, nonbranch monocapsule quadricarpels octoloculi; BMQ, branch monocapsule quadricarpels octoloculi; NTB, nonbranch tricapsules bicarpels quadriloculi; BTB, branch tricapsules bicarpels quadriloculi; NTQ, nonbranch tricapsules quadricarpels octoloculi; BTQ, branch tricapsules quadricarpels octoloculi accession evaluation. Early maturity is one of the most important aims of breeding to avoid problems due to the rainfall especially by typhoons, such as seed rotting. The earliest maturing landraces were found from Yechon, Suhsan (County) Koa (Village), Yechon (County) Yongmoon (Village) and Yechon (County) Pungyang (Village) located in the Youngnam Inland zone (6), which are part of the Taeback alpine area. These accessions showed an early onset of blooming. The blooming occurs 28 days after the emergence compared with 36 days for the average of landraces in the whole and core collections. This core set can also be used for molecular characterization to obtain the information of genetic distance among accessions. This type of information can be used for elucidating the genetic diversity inherent to the originating geographical location. It may help selecting accessions to provide maximum diversity for sesame breeding populations.
The seed sample with the accession passport and the evaluation data from the sesame core set, or also from a part of the whole accession of Korean landraces, stored in the RDA Gene Bank, is available upon request toward the first or the corresponding author (under the condition of mutual exchange of seeds in RDA Gene Bank).
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